Otavite-calcite solid solutions have been synthesized to investigate the factors which control the patterns of compositional zoning. The equilibrium partitioning of otavite between the aqueous and the solid phase can be described by means of a function X CdCO 3 (X Cd,aq ) eq , which relates the solid mole fraction and the aqueous activity fraction of Cd. According to this function, there is a strong preferential partitioning of Cd towards the solid. A set of experiments starting with parent solutions with different Cd 2+ /Ca 2+ ratios was carried out. In these experiments nucleation takes place at high supersaturations and the Cd 2+ and Ca 2+ ions tend to be laid down in a ratio which deviates from the equilibrium distribution. Experimental nucleation data can be fitted to a curve X CdCO 3 (X Cd,aq ) ef of the same functionality as that for equilibrium.
Introduction
CONSIDERABLE experimental work on the solid solution partitioning of divalent metal ions into calcite can be found in the geochemical literature. These works are of particular interest in the study of water-rock interactions that involve carbonate minerals and in environmental assessment of metal ion behaviour (Davis et al., 1987; Zachara et al., 1991; Stipp et al., 1992; Tesoreiro and Pankow, 1996) . Chemically, a solid solution can occur when ions of one type substitute for ions of another type in a structure, forming a single crystalline phase. Otavite (CdCO 3 ) and calcite (CaCO 3 ), in particular, form a complete solid-solution series (Chang and Brice, 1971) , where Cd 2+ ions substitute for Ca 2+ . This is not surprising if one considers the similarity of ionic radii for Ca 2+ (1 A Ê ) and Cd
Although intermediate phases of (Cd,Ca)CO 3 are not observed in nature, this system is of interest from the point of view of the sorption (and subsequent solid solution formation) of trace metals at the surface of carbonate minerals (Davis et al., 1987; Stipp et al., 1992) . Cadmium is not naturally abundant at the Earth's surface, but in certain regions anthropogenic activities have increased concentrations in water and soils to dangerous levels (Nriagu, 1980) . Laboratory and ®eld studies indicate that sorption onto the surface of calcareous materials, represent a potentially signi®cant Cd-removing process in aquatic, marine and groundwater environments. Currently, the geochemical models proposed for sorption of Cd 2+ rely primarily on surface adsorption processes (accumulation of matter at the interface without the development of a three dimensional molecular arrangement). However, the growth of a layer of solid solution on the surface of the calcite substrate has recently been considered as the fundamental mechanism of Cdsorption on the surface of calcite crystals (Tesoreiro and Pankow, 1996; Chiarello et al., 1997) . Following these authors, if calcite is present, precipitation of Cd 2+ as a carbonate solid solution will always occur, even when Cd 2+ is present at trace levels, due to the strong tendency of this ion to partition into calcite.
In spite of the numerous studies on the (Cd,Ca)CO 3 -H 2 O system, the fundamental controls on ion partitioning during crystal growth remain poorly understood. While a thermodynamic approach is very useful, the importance of studying the crystallization behaviour in a kinetic or mechanistic framework is becoming more and more apparent (Paquette and Reeder, 1995) . The experiments conducted here illustrate the crystallization behaviour of this solid solution. Crystallization experiments were carried out by counter-diffusion of reactants through a column of porous silica hydrogel. In these experiments the crystallization process has been studied by considering nucleation and growth separately. Nucleation takes place at high supersaturations (Prieto et al., 1994) , and the Cd 2+ and Ca 2+ ions tend to be laid down in a ratio which deviates from the equilibrium distribution coef®-cient. After nucleation, supersaturation decreases as the crystals grow. During this process, substituting ions are not incorporated in the solid in the same stoichiometric proportion as in the aqueous solution. Therefore, crystal and aqueous solution compositions tend to vary as growth proceeds and this evolution is recorded in the crystal as a concentric compositional pattern. Moreover, as a consequence of the supersaturation decrease, the distribution coef®cient evolves during the growth process from the nucleation value towards a value characteristic of equilibrium.
Numerous examples of concentric compositional zoning have been documented in a variety of carbonates, especially in natural calcites and dolomites (Reeder, 1986) . Concentric zoning is produced when the interface (the limit between two growth bands) across which the change in composition occurs, coincides with an existing or prior growth surface. Therefore, these zoning patterns can provide a detailed record of the growth process. Concentric zoning delineates former growth surfaces and provides a record of the crystal morphology and of the temporal changes in the physicochemical conditions in existence during crystallization. In the present paper we report observations of concentric zoning in (Cd,Ca)CO 3 crystals grown from different parent solutions. From these patterns, the growth history of the crystals can be observed retrospectively, and those factors which are in¯uenced by the evolution in the bulk¯uid composition can be separated from those which promote the development of oscillatory zoning. We show that oscillatory zoning in these experiments is not associated with an oscillating bulk¯uid composition but with local¯uctuations inherent in the growth process under certain conditions.
Experimental
The technique used to grow the zoned calciteotavite crystals is shown in Fig. 1 , where parent aqueous solutions of two reagents are separated by a column of silica hydrogel (length 28 cm) in a U-shaped tube. The method has been extensively used as a way of growing crystals of sparingly soluble salts from aqueous solutions (Henisch, 1988) . The gel was prepared by acidi®cation with HCl (1 N) of a sodium silicate (Na 2 SiO 3 ) solution (Merck, sp. gr.: 1.059 gcm À3 ; pH 11.2) to the desired pH (5.5). Then the acidi®ed solution was poured into the U-tube, where it polymerizes to a solid gel. The gel so-obtained is a porous medium which contains 95.6 wt% water within interconnecting pores, and NaCl as a soluble byproduct. Within the gel structure the solution is stagnant because it is trapped within micron-sized pores (Henish, 1988) . Solution convection is therefore completely depressed and mass transfer can take place only via molecular diffusion. To obtain (Cd,Ca)CO 3 crystals, the source reservoirs A and B were ®lled with 8 cm 3 of CdCl 2 -CaCl 2 and Na 2 CO 3 parent solutions, respectively. The initial concentrations of the solutions used are shown in Table 1 . The experiments were carried out at 25 + 0.18C.
Before the experiment starts, the gel column is an homogeneous medium with zero reagent concentration. However, as a result of the diffusion of the reagents, the column becomes non-homogeneous and develops concentration and pH gradients. Finally, the counter-diffusing reacting ions meet and precipitate in a narrow region of the diffusion column, where a certain supersaturation threshold is ®rst overstepped. The nucleation behaviour was studied by monitoring the precipitate location, the nucleation density and the experimental waiting period (the time taken for the ®rst crystallites to become visible under magni®cation 6500). The experiments were stopped one month after nucleation. The crystals were extracted from the gel and con®rmed to be members of the otavite-calcite series by X-ray powder diffraction (Philips PW1729-1710). To observe the compositional zoning within the crystals, they were cut, polished, carbon-coated, and studied by backscattered electron (BSE) imaging in a JEOL scanning microscope. Variations in composition lead to variations in image brightness (Lloyd, 1987) , which allow inhomogeneities and compositional zoning to be visible. Detailed quantitative analyses and compositional pro®le lines of the crystal sections were obtained by electron microprobe (CAMEBAX SX50).
To characterize the crystallization behaviour completely, one must know the compositional evolution of both growing crystals and interstitial aqueous solution. Unfortunately, the evolution of the¯uid composition in the crystallization region can only be followed until the nucleation event.
After nucleation the compositional evolution of the crystals, and not that of the crystallizing¯uid is recorded. For this reason, nucleation and growth are considered separately here, the latter requiring an interpretative model which put limitations on the hypothetical reaction path, as we will discuss below. In order to study the nucleation behaviour, special attention was paid to the composition of the initial nuclei. For each experimental run, the core of ten different individuals was analysed. The values of the solid mole fraction for the Cdend-member displayed in Table 1 are mean values of these ten compositions. Dispersions from the mean values were always within a compositional rank lower than 0.1. The composition of the interstitial aqueous solution at nucleation was determined by following à protocol' fully described in previous papers (Prieto et al., 1994; . This involves carrying out separate mass-transfer experiments (in which no reaction occurs) for each reactant over speci®ed periods of time. Here, the concentration evolution in the nucleation region was determined by terminating diffusion experiments at 100 h intervals, removing the gel from the column and slicing the nucleation region, previously known from the crystallization experiments. This slice was then chemically analysed. Finally, to determine the actual concentration of the interstitial solutions, the measured concentrations were referred to as the effective volume of aqueous solution per gel volume unit (0.956 + 0.002 cm 3 of solution per 1 cm 3 of gel). The Cd-content was analysed by atomic absorption spectrophotometry (UNICAM SP90), and the total amount of C was measured by means of a C-N-S elemental analyser (Carlo-Erba Na 1500). A set of masstransfer experiments was carried out for each of the initial conditions displayed in Table 1 . The pH evolution was determined in separate experiments by adding pH liquid indicator (Merck) to the sodium silicate solution during the gel preparation. As a result of the diffusion of the reagents, the pH evolves along the column, and it can be monitored by observing the development of changes in colour.
Analytical values of concentration as a function of time measured from mass-transfer experiments were ®tted to second order polynomials by the least squares method and, from these polynomials, the concentrations of the chemical constituents at the nucleation time (previously known from crystallization experiments) were interpolated. Correlation coef®cients were >0.99 in all cases. Finally, a Debye-Hu Èckel aqueous speciation model was used to compute the activities of the main aqueous species from the analytical data. Here, the following aqueous species were 
Equilibrium and nucleation behaviour: reaction path limits for growth
The aqueous solubility of a solid solution may be described by the partial solubility products of the end-members. With this aim, Lippmann (1980) developed the concept of`total activity product' AEÅ. In the case of the (Cd,Ca)CO 3 solid solution, AEÅ is given by: ] are the activities of the ions in the aqueous solution. At thermodynamic equilibrium the`total solubility product' AEÅ eq of a solid solution, expressed as a function of the solid composition yields to the Lippmann's solidus' relation:
where K CdCO 3 , X CdCO 3 , and g CdCO 3 are, respectively, the solubility product, the solid mole fraction, and the solid phase activity coef®cient of the component CdCO 3 . Analogous symbols label these parameters for the component CaCO 3 .
Lippmann also de®ned the`solutus' equation which expresses AEÅ eq as a function of the aqueous solution composition:
where X Cd,aq is the aqueous activity fraction of Cd 2+ in the aqueous solution, given by:
An analogous expression de®nes X Ca,aq . In the case of the calcite-otavite solid solution, the Lippmann relationships can be computed by using end-members pK's of 8.48 for calcite (Plummer and Busenberg, 1982) and 12.1 for otavite (Stipp et al., 1993) and assuming an ideal solid solution (Ko È nigsberger et al., 1991). Lippmann's`solidus' and`solutus' relations can be plotted and used to predict the solubility of any solid solution in a similar way as binary-solid/ binary-melt phase diagrams (Glynn et al., 1990) . Moreover, from Eqns 2 and 3, making g CdCO 3 and g CaCO 3 equal to 1 (ideal solid solution) and taking X Ca,aq = 1 À X Cd,aq and X CaCO 3 = 1 À X CdCO 3 , the following expression can be deduced (Prieto et al., 1997) :
This last expression can be used to construct a X Cd,aq ±X CdCO 3 plot, which describes the coexisting compositions of solid and aqueous solution under equilibrium conditions (Fig. 2a) . In this case, as the solid solution is considered ideal, the curve in Fig. 2a is symmetric in relation to the straight line joining the points (0,1) and (1,0). According to the Lippmann equations, the extremely low solubility of otavite compared to that of calcite involves a strong preferential partitioning of CdCO 3 in the solid phase. Aqueous solutions in equilibrium with Ca-rich solids are essentially free of Cd 2+ . As Fig. 2a shows, only a very narrow range of aqueous compositions can coexist in equilibrium with intermediate solid solutions. The solids tend to be either Ca-rich (X CdCO 3 <0.1) or Cd-rich (X CdCO 3 >0.9) over a very small range of¯uid compositions (0.000027 < X Cd,aq < 0.002154). This fact imposes a bimodal trend in crystallizing (Cd,Ca)CO 3 solid solutions (Prieto et al., 1997) .
The X Cd,aq ±X CdCO 3 plot in Fig. 2a illustrates the distribution of the substituting ions between the aqueous and the solid phase, at thermodynamic equilibrium. This distribution is usually expressed in terms of the distribution coef®cient:
In the case of an ideal solid solution, the equilibrium distribution coef®cient is given by the ratio of the solubility products of the end-members. In this case, D Cd takes a value of 4168.41, which again demonstrates a strong preferential partitioning for Cd towards the solid phase.
However, all experimental data show that precipitation begins under disequilibrium conditions, when a certain supersaturation level has been reached. This fact is specially evident when crystallization occurs in a porous medium. Porous media are very effective at suppressing nucleation (Putnis et al., 1995) and, as a consequence, precipitation always begins at a high supersaturation. To illustrate this fact, the total activity products, corresponding to equilibrium and to the composition of the aqueous phase at nucleation, Table 1 ). A curve ®tting the experimental points has been computed according to Eqn (7).
are displayed in Table 1 (columns 4 and 5, respectively) . The values are several orders of magnitude higher than the corresponding equilibrium values. Obviously, the composition of the crystals nucleating at such a supersaturation depends on kinetic factors, and the`effective' distribution coef®cients differ from the equilibrium values. This is clear if one observes the data points plotted on a X Cd,aq ±X CdCO 3 diagram (Fig. 2b) . The corresponding experimental values are compiled in Table 1 (columns 6 and 7). It is worth noting that as in the equilibrium curve in Fig. 2a , the experimental data points in Fig. 2b show a symmetric con®guration in relation to the straight line joining the points (0,1) and (1,0). This is due to the ideal character of the calciteotavite solid solution.
Although the effective composition of the nucleating crystals deviates from the equilibrium values, data points in Fig. 2b can be ®tted to a curve of the same functionality as Eqn 4. , i.e. to a function of the type:
where P 1 and P 2 are used as variable ®tting parameters. In this case the best ®t was obtained for ÀlogP 1 = 9.65 and ÀlogP 2 = 11.47. By comparing the curve X CdCO 3 (X Cd,aq ) for equilibrium to that for nonequilibrium at nucleation, an obvious conclusion follows: the curvature of the non-equilibrium ®tting function is smaller than that corresponding to the equilibrium plot. This means that preferential partitioning is in some way`softened' at high supersaturation. Although a strong preferential partitioning remains, the solid solution is slightly less sensitive to changes in the¯uid composition than is the equilibrium curve. The nuclei tend to be either Ca-rich (X CdCO 3 <0.1) or Cd-rich (X CdCO 3 >0.9) over a very small range of¯uid compositions (0.0015<X Cd,aq <0.12), but this range is signi®-cantly wider than the equilibrium one (0.000027<X Cd,aq <0.002154). Moreover, if one considers the analogy between Eqns. 5 and 7, thè effective distribution coef®cient' D Cd,eff can be computed from the quotient between the ®tting parameters P 1 and P 2 . D Cd,eff takes a value of 66.094, which is notably smaller than the equilibrium value. This value is also smaller than the values obtained by Tesoreiro and Pankow (1996) in non-equilibrium conditions. These authors determine experimentally the dependence of the distribution coef®cients on the growth rate, and obtained values ranging between 3041 (at low growth rates) and 201 (at high growth rates). The lower preferential partitioning in the present experiments is easily explained if the high deviations from equilibrium attained in a gel medium are considered. At high supersaturation values, there is less chance for thermodynamically-based selectivity effects to be exerted, and so the measured D Cd,eff values will decrease towards 1 as supersaturation becomes large.
In addition to this visualization of the nonequilibrium effect, the importance of the curves in Fig. 2b lies in which they con®ne the possible reaction paths for the growth process. Supersaturation at nucleation is the maximum supersaturation that will be attained during the crystallization process. After nucleation, supersaturation decreases as the crystals grow. Therefore, on the X Cd,aq ÀX CdCO 3 plot, the reaction path corresponding to the growth process must lie between the equilibrium curve and the curve ®tting the nucleation points (Fig. 3) . Therefore, both curves con®ne the attainable distribution coef®cients during crystallization.
Crystal growth and compositional zoning
As soon as stable nuclei have been formed from the supersaturated solution, they begin to grow into crystals of visible size. During this process substituting ions are not incorporated into the solid in the same stoichiometric proportion as in the aqueous solution. Therefore, crystal and aqueous solution compositions tend to vary as growth proceeds. The individual crystals grow in such a way that the layers growing on the surface block the inner zones from contact with the solution. This results in a compositional heterogeneity from core to rim in the bulk crystal. At the same time, the compositions of the growing crystals have a striking effect on their morphology. The compositional evolution is followed by a morphological evolution which can be monitored from the`internal morphologies' of the crystalline individuals. The ®nal morphology of the crystals depends on their compositional evolution which, in turn, is a result of the initial concentrations of the parent solutions. In the following paragraphs, we describe the growth behaviour of Cd-rich crystals and thereafter the effect produced by the progressive increase of Ca 2+ in the¯uid. Figure 4a shows the morphology of a (Cd,Ca)CO 3 crystal obtained starting with 0.5 M CdCl 2 and 0.1 M CaCl 2 parent solutions (as shown in Table 1 , the Na 2 CO 3 parent solutions were 0.5 M in all cases). The shape is clearly dominated by the cleavage rhombohedron {101 Å 4}, but the polyhedral morphology is disturbed by preferential growth along certain directions, which breaks the singular character of the crystalline faces. As shown in Fig. 4a , the crystals are better faceted near the edges that meet at the two corners of the rhombohedron which are connected by the axis 3 Å . There is also a trend to form overgrowth layers near these corners. For each face, only the two edges that converge at the axis 3 Å are clearly de®ned. The centre of the faces appears rough and depressed, and the development of the {101 Å 4} facets is restricted to these edges. When observed from the 3 Å axis, the equatorial region of the crystals has a curved appearance, with inlets and outlets alternating every 608. In the limiting case, the crystals develop morphologies with starlike contours. Some crystals are slightly elongated along the axis 3 Å , with well-developed rhombohedral faces at both extremes and a curved equatorial region. These morphologies are very common in crystals with calcite-type structure grown at high supersaturations (Franke et al., 1979; Prieto et al., 1981; Heijnen, 1985; Ferna Ândez-Dõ Âaz et al., 1996) .
From a compositional point of view, the surfaces of these crystals are rich in Ca, with a Cd-mol fraction <0.1 in all cases. As a whole, however, the compositions of the crystals are Cdrich. Figure 4b shows the backscattered electron image of the central section of a typical crystal. The central`white' region is Cd-rich with values of X CdCO 3 near unity (0.98 in the central nucleus). The compositional pro®le line shows a gradual decrease in X CdCO 3 from core to rim inside this white region, but in the transition zone the Cdcontent decreases dramatically (0.1 mole-fraction/ mm), to reach values <0.1 in the grey region.
The external morphology of the crystals changes when the Ca concentration in the parent solution is increased. Figure 4c shows the shape of a typical crystal grown from a 0.5 M CdCl 2 + 0.2 M CaCl 2 parent solution. This morphology is similar to that previously described, but the curved region is wider and shows a depressed equatorial zone. Moreover, most of the crystals show terraced surface structures which are formed by {101 Å 4} facets. The backscattered electron image of the section of a typical crystal again shows two well-differentiated regions (Fig. 4d) . The central`white' region is Cd-rich, with X CdCO 3 near unity (an average value of 0.96 in the central nucleus). The grey, Ca-rich, region is, however, wider in this case.
The width of the Ca-rich region increases and the whole Cd-content decreases when the relative concentration of calcium in the parent solution is increased. Again, the compositional gradient in the zone of transition between Cd-rich and Carich regions is extremely high (0.09 molefraction/mm), whereas it is more gradual inside these regions.
Starting with a equimolar parent solution (0.5 M CdCl 2 + 0.5 M CaCl 2 ), the crystals show some new features. Figure 4e shows the external morphology of a typical crystal. The crystals are peanut-shaped, with subparallel rhombohedral facets. The curved region is quite depressed and shows a wavy cleft with peaks and troughs alternating every 608, thus reproducing the symmetry 3 Å . In spite of this external appearance, the backscattered electron image shows that we are dealing with a single crystal (Fig. 4f) . The central white region has a clearly rhombohedral outline. However, during the growth process the crystal becomes Ca-rich, and its morphology begins to be disturbed. The composition isolines, with the same grey intensity, allow us to follow this morphological evolution. As can be observed from the compositional pro®le line, the crystal shows again a central region, Cd-rich, with a sharp transition towards the outer Ca-rich region. However, superimposed on this general gradient of composition, smaller compositional oscillations become visible. The overall gradient is similar in all the crystalline individuals of the experiment, but there is no correlation in the number of sub-zones for different crystals. Crystals obtained from a non-equimolar parent solution with a concentration of Ca higher than that of Cd (0.2 M CdCl 2 + 0.5 M CaCl 2 ) show a central nucleus still Cd-rich, but the average X CdCO 3 value (0.81) is smaller than that of the preceding cases, and the compositional gradient in the region of transition is smaller. The Ca-rich region is wider and shows clear oscillatory zoning.
This trend develops further when the relative concentration of Ca in the parent solution is further increased. Figure 5b shows the central section of a crystal grown from a 0.05 M CdCl 2 + 0.5 M CaCl 2 parent solution. The growth still begins with a Cd-rich stage, but the CdCO 3 molefraction always take values <0.65. The CdCO 3 mole-fraction decreases from core to rim, but the gradient in the region of maximum slope is smaller than in the previous cases (0.03 molefraction/mm). Again, the Cd-rich region seems to be homogeneous, but in the Ca-rich region there are many compositional oscillations. The oscillatory, concentric zoning has a repeat distance ranging from 1 to 10 mm, and the amplitude of the oscillations is up to 0.25 in Cd mole-fraction. Moreover, whereas the whole compositional gradient is similar in all the crystals of the experiment, there is no correlation between speci®c zoning patterns for different crystals. This fact is common to all the experiments in which oscillatory zoning has been observed, and, as we will discuss below, is the key to interpreting this phenomenon. Figure 5c shows the morphology of a typical crystal grown from a 0.03 CdCl 2 + 0.5 M CaCl 2 parent solution. As can be observed, this further decrease in the relative amount of Cd in the parent solution further disturbs the external morphology of the crystals. The individuals exhibit splitgrowth and a deep wavy cleft with peaks and troughs reproduces the 3 Å symmetry. The backscattered electron image of a central section is shown in Fig. 5d . Although at the nucleation time the Cd 2+ aqueous activity fraction was~0.01, the nuclei are relatively Cd-rich (X CdCO 3~0 .54), as a consequence of the strong preferential partitioning of Cd towards the solid phase. The Cd concentration decreases from core to rim, with a gradient of 0.015 mole-fraction/mm in the region of maximum slope. Although the amplitude of the compositional oscillations is smaller than in previous cases, the oscillatory zoning in the Carich region can still be observed by increasing the image contrast.
When the relative concentration of Cd 2+ in the parent solution is still smaller (0.01 M CdCl 2 + 0.5 M CaCl 2 ), the split crystal growth is more striking and begins at earlier stages of the growth process (Fig. 5e ). Again one can observe two well-differentiated regions in the backscattered electron image (Fig. 5f ). The white region is richer in Cd, although in this case X CdCO 3 is always <0.2. The Ca-rich region exhibits a clear oscillatory zoning that can be followed through the different sections of the crystal aggregate.
Summing up, the increase of the relative concentration of Ca in the parent solution disturbs the external morphology of the crystals. At the same time one can observe a progressive increase of the crystal size with the bulk Ca content. So, whereas Ca-poor crystals reach sizes of~100 mm (see Fig. 4a ), Ca-rich crystals reach, on average, sizes >5 times larger in the same growth period (Fig. 5e ). This fact relates to the nucleation density which decreases as the Ca concentration is increased.
Discussion
As discussed previously using the X Cd,aq ±X CdCO 3 plot (Fig. 3) , the reaction path corresponding to the growth process must lie between the equilibrium curve and the curve ®tting the nucleation points. Within these limits, the evolutionary trajectory of the system will depend on the starting point, i.e. on the¯uid composition at the nucleation time.
For instance, starting with 0.5 M CdCl 2 and 0.1 M CaCl 2 parent solutions the value of X Cd,aq at the nucleation time was 0.712. However, the strong preferential partitioning of Cd toward the solid phase leads to formation of nuclei with X CdCO 3 = 0.98, i.e. virtually free of Ca. As a result, near the crystals, the aqueous phase is strongly depleted in Cd 2+ as growth proceeds. However, as the reaction path of the system must remain con®ned within the limits de®ned by the X Cd,aq ±X CdCO 3 curves, this evolution of the¯uid composition does not give rise to signi®cant changes in the solid composition. As shown in Fig. 6a , the crystal will continue to grow more Cd-rich until the region of maximum curvature of the curves is overpassed. Beyond this critical region the curves become almost vertical, and small variations in the¯uid composition involve dramatic changes in the solid composition. The solid proceeds to grow more Ca-rich, and a concentric zoning of high gradient is produced (Fig. 4b) . Figure 6b shows a similar trajectory when the experiments start from parent solutions 0.5 M CdCl 2 + 0.2 M CaCl 2 (Table 1) . At the nucleation time the¯uid is less rich in Cd 2+ than in the previous case (X Cd,aq = 0.481), but preferential partitioning leads again to Cd-rich nuclei (X CdCO 3 = 0.96). However, the reaction path followed by the system until it reaches the region of maximum curvature is shorter, and the external Ca-rich zone is wider (see Fig. 4d ).
When the relative concentration of Ca in the parent solution is further increased (0.5 M CdCl 2 + 0.5 M CaCl 2 ) the¯uid composition at the nucleation time is poor in Cd 2+ (X Cd,aq = 0.133). The nuclei are still Cd-rich (X CdCO 3 = 0.89), but in this case the starting point is closer to the vertical side of the curve (Fig. 6c) . As a consequence, the solid becomes Ca-rich from the early stages of the growth process. The¯uid depletes in Cd 2+ in a more gradual way, and the compositional gradients in the solid are less sharp (Fig. 4f) .
For the experiments shown in Fig. 5 , the reaction path is con®ned between the vertical segments of the curves. The crystals always show a higher Cd-content in the early stages, increasing progressively in Ca during the growth process. All crystals in Fig. 5 show oscillatory zoning. As we discussed above, these concentric subzones represent minor compositional¯uctuations superimposed on the whole gradient. It is worth noting that oscillatory zoning only becomes apparent in the Ca-rich zone. The reason is obvious if one observes the X Cd,aq ±X CdCO 3 curves: when the composition of the aqueous solution at nucleation is rich in Ca 2+ (X Cd,aq <0.1; Table 1 ), the starting point is on the vertical branch of the curves. In this region the`sensitivity' of the solid chemistry for small changes in the¯uid composition is extreme. Therefore, any cause that provokes small uctuations in the¯uid composition will bè recorded' in an ampli®ed way in the solid. A second feature of this oscillatory behaviour is the absence of correlation between speci®c zoning patterns for two nearby crystals of the same precipitate. This means that these minor compositional variations do not correspond to global changes in the bulk solution, but to periodic instabilities inherent in the growth process (Putnis et al., 1992; Prieto et al., 1993; Jamtveit et al., 1995; Shore and Fowler, 1996) . In the present experiments, this phenomenon could be explained as being due to non-linearities caused by coupling of growth parameters such that chemical variations arise spontaneously (Putnis et al., 1992; Ortoleva et al., 1987) . Oscillatory-zoned crystals represent the material record of a`chemical oscillator' (Gray and Scott, 1990 ).
Different models have been proposed in the literature to interpret oscillatory zoning in minerals (Alle Ágre et al., 1981; Ortoleva et al., 1987; Reeder et al., 1990; Wang and Merino, 1992) . Following these authors, the development of oscillatory patterns requires the coupling of at least two time-dependent variables through some sort of feedback mechanism. However, proposing a speci®c feedback mechanism (and a dynamic model based on it) for the present experiments is beyond the scope of this work. Here, we only wish to point out that oscillatory zoning only becomes apparent in the Ca-rich region, where small variations in the¯uid composition imply dramatic changes in the solid composition, and the amplitude of the compositional waves is accordingly high. A later paper will deal with the analysis of these zoning patterns in terms of Lyapounov exponents (Halden, 1996) .
